In a power-over-fiber system, the key limiting factor for transmission light power is the stimulated Brillouin scattering effect, which leads to a decrease in transmission light power at the end of the optical fiber. Therefore, we propose and experimentally demonstrate a broadband laser generated by a noise-modulated distributed-feedback laser diode to suppress the stimulated Brillouin scattering effect in the optical fiber. Experimental results show that the linewidth of the noise-modulated distributed-feedback laser diode broadens from 2.43 to 379.89 MHz when the noise modulation amplitude is increased from 0 to 400 mV. Due to the broadening of the laser linewidth, the stimulated Brillouin scattering threshold raises 7.19 dB, and the peak power of the Brillouin Stokes light is reduced by 40.90 dB. At the same time, the output electrical power at the end of the optical fiber increases 13.55 dB.
INTRODUCTION
In recent years, the power-over-fiber system has attracted lots of attention in wireless sensor networks, radio over fiber, optical communication, and so on [1, 2] . In a power-over-fiber system, an optical fiber is utilized to combine a high-power laser diode and a photodetector to supply electrical power for a remote site. Thus, it is immune to electromagnetic perturbations, electric shocks, and lightning [3] [4] [5] [6] . However, due to the stimulated Brillouin scattering (SBS) effect in optical fiber, the transmission light power in a power-over-fiber system cannot unlimitedly increase when the injected light power goes up [7] [8] [9] . In addition, the SBS threshold in a long distance single-mode fiber is very low, usually a dozen milliwatts. Therefore, the SBS effect becomes a major limitation in a power-over-fiber system. In a power-over-fiber system, there are two main kinds of methods to suppress the SBS effect in the optical fiber: adjusting the optical fiber parameters and employing broadband laser sources. At first, various methods were used to adjust the optical fiber parameters to inhibit the SBS effect. In 2001, Hansryd et al. increased the SBS threshold in a short GeO 2 -doped highly nonlinear fiber by adjusting the Brillouin frequency downshift with different temperature distributions along the optical fiber [10] . In 2007, Li et al. used an Al/Ge co-doped large mode area fiber to inhibit the SBS effect and increased the SBS threshold by 6.0 dB [11] . However, this method, adjusting the optical fiber parameters, is unrealistic in a power-over-fiber system because the optical fiber used in existing optical networks is almost all single-mode fibers. Thus, another practical method, employing broadband laser sources, was proposed. In 2011, Chen et al. suppressed the SBS effect through phase modulation with a phase-modulated broadband laser source [12] . In 2014, Hu et al. used a dual-phasemodulated method to broaden the linewidth of the laser source, so as to suppress the SBS effect and the phase noise in the remote interferometric fiber sensing system [13] . The proposed laser sources are complex and expensive, therefore, a simple, practical, and effective method is expected to increase the SBS threshold.
In this paper, a distributed feedback (DFB) laser modulated directly by a noise signal is introduced into the power-over-fiber system as a power source to suppress the SBS effect and increase the SBS threshold. Compared with the previous methods, our proposed scheme is simple and realizable, using just a DFB laser and a noise signal generator to inhibit the SBS effect in a general single-mode fiber. The transmission light power in the powerover-fiber system is improved significantly.
THEORY
The SBS effect of optical fiber limits the increase of transmission light power in a power-over-fiber system. The threshold characteristic is the most important characteristic of the SBS effect, which occurs only when the injected optical power exceeds a certain threshold. There are two models to analyze the SBS effect, namely the Smith model and the Küng Model. In general, a universal calculation model used to estimate the SBS threshold is shown as follows [14] [15] [16] :
where k is the polarization factor that represents the polarization scrambling in a single-mode fiber, G is the threshold gain factor, A eff is the effective mode area, g 0 is the peak Brillouin gain factor for an idealized cw pump, L eff 1 − exp−αL∕α is the effective length (L is physical length, and α denotes attenuation), Δν S is the full width at half-maximum (FWHM) linewidth of the pump wave, and Δν B is the FWHM linewidth of the Brillouin gain spectrum. For a single-mode fiber, parameters such as G, A eff , g 0 , and L eff are constants, and the polarization factor (k) can be increased from 1.0 to 2.0 by introducing a polarization scrambler to increase the SBS threshold (P th ). Another effective method to increase the SBS threshold is widening the pump light linewidth (Δν S ). Assuming the linewidth of the Brillouin gain spectrum (Δν B ) is a constant, then theoretically the SBS threshold (P th ) is proportional to the pump linewidth (Δν S ). Thus, the method of increasing the transmission light power in the optical fiber by broadening the linewidth of pump light is very feasible.
The broadening of the linewidth in a noise-modulated DFB laser can be explained by the frequency chirping theory in direct current modulation of semiconductor lasers. According to the theoretical analysis, the variations in the instantaneous frequency at the output of a directly modulated laser can be shown as follows [17] :
where α is known as the linewidth enhancement factor, k is the adiabatic chirp coefficient, and P e t is the change in output optical power with time. For a DFB laser, when a signal is used to modulate it directly, the signal is loaded on the bias current, which causes a fluctuation in the carrier concentration, and in turn leads to a change of the refractive index of the semiconductor material. Since the emission wavelength is determined by the feedback condition in the laser cavity, which depends on the refractive index, the instantaneous frequency of the emitted signal will be a time varying signal. If the modulation signal is a noise signal, the carrier concentration will keep fluctuations in a certain range, and then the emission wavelength will keep changing. Thus, the linewidth of the laser diode (Δν) will be broadened macroscopically. Figure 1 shows the experimental setup of the power-over-fiber system using a noise-modulated DFB laser. The output light of the noise-modulated DFB laser is amplified by an erbiumdoped fiber amplifier (EDFA1). The DFB laser (WTD LDM5S752) operates at 1550 nm and is biased at 30 mA.
EXPERIMENTAL SETUP
The bandwidth of the noise signal generated by an arbitrary waveform generator (Agilent 33220A) is 20 MHz, and its amplitude can be adjusted flexibly. Then, a fiber Bragg grating (FBG) filter is used to suppress the amplified spontaneous emission (ASE) of EDFA1, and a polarization scrambler (PS) is introduced in the system to eliminate the influence of polarization. The scrambling frequency of the polarization scrambler (General Photonics PCD-104) is 700 KHz, and its output degree of polarization is less than 5%. A high-power erbiumdoped fiber amplifier (EDFA2) is employed to supply sufficient optical power. Then, a variable optical attenuator (VOA) and a 99∶1 optical coupler are inserted between EDFA2 and the optical circulator (OC) to regulate and monitor the injected optical power. At the end of the fiber under test (FUT), a photodetector (PD, U2T XPDV1120R) is used to convert the transmission light power into electrical power, and then a resistance (R, 50 Ω) is driven by the output electrical power. At last, the backscattered light is analyzed and monitored by a high-resolution optical spectrum analyzer (OSA, APEX AP2041B) with 1.12 pm resolution and an optical power meter (PM, Thorlabs S122C) with 40 mW maximum tolerable power through the OC and a 50∶50 optical coupler. In addition, a power spectrum analyzer (Agilent N9020A) is also used in the experiment, and the fiber under test is a large effectivearea fiber (LEAF).
EXPERIMENTAL RESULTS
The optical spectrum and power spectrum of the noisemodulated DFB laser with a 400 mV modulation amplitude are significantly different from the DFB laser free-running state (0 mV modulation amplitude), as shown in Fig. 2 . Although the overall optical spectrum of the noise-modulated DFB laser with a 400 mV modulation amplitude and the DFB laser free-running state are similar, namely single-longitudinal-mode output with the same center wavelength, the optical spectrum of the 400 mV noise-modulated DFB laser is obviously wider than that of the DFB laser free-running state, as shown in Fig. 2(a) . Figure 2(b) shows that the power spectrum of the 400 mV noise-modulated DFB laser is higher than that of DFB laser free-running state between 0 MHz and 30 MHz and that the bandwidth at −10 dB below the peak is 20 MHz under the 400 mV modulation amplitude, which means that the optical power of the 400 mV noise-modulated DFB laser keeps fluctuations in a small range. Figure 2 evidently indicates that the Fig. 1 . Experimental setup of power-over-fiber system using noisemodulated DFB laser. DFB-LD, distributed-feedback laser diode; NSG, noise signal generator; EDFA1, erbium-doped fiber amplifier; FBG, fiber Bragg grating filter; PS, polarization scrambler; EDFA2, high-power erbium-doped fiber amplifier; VOA, variable optical attenuator; PM, optical power meter; OC, optical circulator; OSA, optical spectrum analyzer; PD, photodetector; R, load resistance.
linewidth of the DFB laser can be uniformly broadened by noise signal direct modulation and that the power spectrum just varies in the low-frequency domain. The linewidth of the noise-modulated DFB laser is measured by a delayed selfheterodyne interferometer (DSHI) [18] [19] [20] , as shown in Fig. 3 . It clearly shows that the linewidth of the noise-modulated DFB laser increases as the amplitude of the noise signal does. Several linewidths of the typically noise-modulated DFB laser are provided in the illustration. When the amplitude of the noise signal rises from 0 to 400 mV, the linewidth of the noisemodulated DFB laser increases from 2.43 to 379.89 MHz. This further illustrates that the linewidth of the DFB laser can be effectively broadened by noise direct modulation.
The inhibition of the SBS effect by the introduction of broadband pump light produced by the noise-modulated DFB laser is shown in Fig. 4 , when the injected optical power is 19.16 mW and the length of optical fiber is 10 km. There are three optical spectrum components in the backscattered optical spectrum: Rayleigh scattered light, Brillouin Stokes light and Brillouin anti-Stokes light. And, Brillouin Stokes light and Brillouin anti-Stokes light distribute on both sides of the Rayleigh scattered light symmetrically. The Brillouin frequency shift (BFS) is about 10.76 GHz (86.18 pm). When the linewidth of laser is 2.43 MHz, there are two small optical spectra near the Brillouin Stokes light with about a 3 GHz frequency difference between them and the Brillouin Stokes light. After analysis, the two small optical spectra near the Brillouin Stokes light are found to be caused by the side modes of the DFB laser. As shown in Fig. 4 , when the linewidth of pump light is 2.43 MHz, the Brillouin Stokes light is about 20 dB stronger than the Rayleigh scattered light, but with the broadening of the pump light linewidth, the Brillouin Stokes light descends dramatically, while the Rayleigh scattered light and the Brillouin anti-Stokes light remain almost steady. When the linewidth of the pump light is 379.89 MHz, the Brillouin Stokes light is about 15 dB weaker than the Rayleigh scattered light. The peak power of the Brillouin Stokes light reduces by 40.90 dB, compared to the power at a pump linewidth of 2.43 MHz. Therefore, the noise-modulated DFB laser can be used to suppress the SBS effect in optical fiber effectively.
The change of optical fiber's output and backscattering optical power is shown Figs. 5(a) and 5(b). And the SBS threshold changed with the linewidth of the pump light is indicated in Fig. 5(c) . As can be seen from Figs. 5(a) and 5(b), following the increase in input optical power, the output optical power increases dramatically, whereas the backscattered optical power remains almost unchanged. However, when the input optical Research Article power exceeds a certain threshold, the rise in output optical power slows down; meanwhile, the backscattered optical power increases sharply. This "certain threshold" is usually called the SBS threshold, defined as an input optical power when the backscattering optical power is 0.4% of the forward launched power [21] . Thus, the SBS thresholds in Figs. 5(a) and 5(b) are 14.82 mW and 81.07 mW, respectively. The relationship between the SBS threshold and the pump light linewidth over a fixed optical fiber is shown in Fig. 5(c) . The pump light linewidth can be flexibly adjusted by a noise-modulated DFB laser with different modulation amplitudes. Figure 5(c) clearly illustrates that the SBS threshold increases with a broadening of pump light linewidth. However, it is not a theoretical linear relationship, but an approximate negative exponential relationship. The theoretical result of the SBS threshold is similar to the experimental result when the linewidth of the laser is narrow. However, with increasing laser linewidth, the gap between the theoretical result and the experimental gradually increases. This phenomenon is due to two reasons: (a) When the noise signal is used to modulate the DFB laser diode directly, the linewidth of the laser diode is broadened, and the center wavelength of the laser diode jitters at the same time. (b) Both the optical spectrum analyzer and the power spectrum analyzer (used in DSHI) are instruments of time integral. Thus, the measured linewidth of the laser in the experiment is larger than the real linewidth. Moreover, the difference between the measured linewidth and the real linewidth rises with an increase in the noise signal's amplitude. Thus, the gap between the theoretical result and the experimental result for the SBS threshold gradually increases with an increase in laser linewidth. In addition, the linewidth of the Brillouin gain spectrum (Δν B ) also contributes to the difference between the theoretical result and the experimental result. During theoretical analysis, the linewidth of the Brillouin gain spectrum (Δν B ) is a constant, however, in experiment, it changes slightly along with the linewidth of the pump light, as shown in the illustration of Fig. 4 . Above all, the SBS threshold increases with a broadening of the pump light linewidth, and because of these reasons, there is a gap between the theoretical result and the experimental result. Figure 6 describes the output optical power changes with an increase in input optical power over different optical fiber lengths and pump light linewidths. According to Fig. 6 , output optical power first grows sharply with an increase in input optical power, but when the input optical power exceeds the SBS threshold, the output optical power tends to be saturated. The saturated output optical power rises with a broadening of the pump light linewidth when the optical fiber doesn't change; however, it declines along with an increase in the optical fiber length for the same pump light linewidth. When the linewidth of the pump light rises from 2.43 MHz to 379.89 MHz, the saturated output optical power increases from 19.67 mW to 100.93 mW over an 8 km optical fiber, but when the optical fiber length increases to 21 km, the saturated output optical power drops to 12.01 mW and 49.11 mW, respectively. Figure 6 indicates that the noise-modulated DFB laser can improve the saturated output optical power effectively over different optical fiber lengths.
The SBS threshold and output electrical power as a function of optical fiber length are further analyzed, as shown in Fig. 7 .
For the same pump light linewidth, the SBS threshold reduces with an increase in the optical fiber length, as shown in Fig. 7(a) . However, the SBS threshold enlarges with a broadening of the pump light linewidth, and its improvement is suitable for the whole optical fiber length, from 3 to 21 km. When the linewidth of the pump light increases from 2.43 to 379.89 MHz, the SBS threshold raises 7.19 dB on average. This means that the maximum transmission light power in the power-over-fiber system can be improved by 7.19 dB through a noise-modulated DFB laser. Figure 7(b) shows that the variation in output electrical power changes with the optical fiber length and linewidth of the pump laser. It clearly shows that the output electrical power improves by 13.55 dB when the linewidth of the pump light increases from 2.43 to 379.89 MHz. The 13.55 dB improvement of output electrical power is also an average value for different optical fiber lengths. Taking a 10 km length of optical fiber, for example, the saturated output electrical power rises from 0.45 to 15.21 dBm, which is slightly larger than 13.55 dB. This means that more electrical power can be used to drive electronic devices with the same input optical power in a powerover-fiber system.
DISCUSSION AND CONCLUSION
Although the noise-modulated DFB laser is a simple, practical, and effective method to suppress the SBS effect in an optical fiber, there is also a weakness, namely, the linewidth of the DFB laser cannot be broadened unlimitedly. The maximum linewidth of the noise-modulated DFB laser is determined by the maximum noise signal amplitude, which is impacted by the threshold current, maximum operating current, and bias current in the DFB laser. When a noise signal is used to modulate the DFB laser directly, the signal is loaded onto the bias current of the laser directly and causes a shake in the basic current. Then, the carrier concentration in the p-n junction of the laser keeps fluctuating, and this leads to a change in the optical grating in the positive region. Thus, the center wavelength of the output laser keeps fluctuations in a certain range. So, the laser linewidth is broadened macroscopically. The threshold current of the DFB laser in the experiment is 20 mA, and its maximum operating current is 40 mA. Thus, the maximum adjustment range for the bias current is 20 mA; the DFB laser in the experiment was biased at 30 mA. The internal resistance of the DFB laser is about 25 Ω, so the maximum amplitude of the noise signal is 500 mV (20 mA × 25Ω 500 mV). In order to ensure the safety of the DFB laser, the maximum amplitude of the noise signal is 400 mV in the experiment. Thus, the maximum linewidth of the noise-modulated DFB laser is 379.89 MHz.
In summary, we experimentally demonstrate a simple and practical method, namely the noise-modulated DFB laser, to inhibit the SBS effect and increase transmission light power in an optical fiber. Our results show that the noise-modulated DFB laser with a 400 mV modulation amplitude effectively can raise the SBS threshold by 7.19 dB and increase the output electrical power by 13.55 dB. This makes the power-over-fiber system more practical for existing optical fiber networks.
